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Spermiation
The process of sperm release
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Spermiation is the process by which mature spermatids are
released from Sertoli cells into the seminiferous tubule lumen
prior to their passage to the epididymis. It takes place over
several days at the apical edge of the seminiferous epithelium,
and involves several discrete steps including remodelling of
the spermatid head and cytoplasm, removal of specialized
adhesion structures and the final disengagement of the
spermatid from the Sertoli cell. Spermiation is accomplished
by the co-ordinated interactions of various structures,
cellular processes and adhesion complexes which make
up the “spermiation machinery”. This review addresses the
morphological, ultrastructural and functional aspects of
mammalian spermiation. The molecular composition of the
spermiation machinery, its dynamic changes and regulatory
factors are examined. The causes of spermiation failure and
their impact on sperm morphology and function are assessed
in an effort to understand how this process may contribute
to sperm count suppression during contraception and to
phenotypes of male infertility.

Introduction

Spermiation is the process by which mature spermatids are
released from the supporting somatic Sertoli cells into the lumen
of the seminiferous tubule. It is a critical determinant of the
number of sperm entering the epididymis, and thus the sperm
content of the ejaculate. Spermiation is a protracted, complex
process occurring over several days (-82 hrs in the rat, see below),
commencing at the beginning of stage VII in the rat and mouse'
with the alignment of elongated spermatids along the luminal
edge of the seminiferous epithelium. Spermiation is completed
towards the end of stage VIII, when spermatids are released into
the tubule lumen, and the remainder of the spermatid cytoplasm,
known as the residual body, is phagocytosed by the Sertoli cell.
Although the primary goal of spermiation is to release the sper-
matid from the Sertoli cell, this process also leads to extensive
restructuring and remodelling of the spermatid to produce a
streamlined spermatozoan. Spermiation is a known target for
hormone-based male contraceptives® and, by virtue of its role in
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spermatid restructuring and release, is important for optimal fer-
tility. The morphological and ultra-structural events associated
with spermiation have been well described and appear conserved
among rodents, monkeys and humans,"? however, the molecular
control of spermiation is less understood.

The purpose of this review is to examine the morphologi-
cal and molecular events involved in mammalian spermiation,
together with their likely proteomic composition, in order to pro-
vide a better understanding of the spermiation machinery, i.e.,
the cellular processes and structures required for the successful
completion of spermiation. Much of this information will neces-
sarily come from studies in rodents, but will be applied to human
spermiation where possible. The causes of spermiation failure
and their impact on sperm morphology and function will also be
examined in an effort to understand how this process may impact
on male fertility.

Morphological, Ultrastructural
and Functional Aspects of Spermiation

General concepts. Much of what is known of the morphologi-
cal and ultrastructural aspects of spermiation comes from the
meticulous electron microscopic studies by the late Lonnie
Russell, reviewed in reference 3—5. Spermiation is a multi-step
process involving changes in both the spermatid and the Sertoli
cell that ready the elongated spermatid, at the end of spermato-
genesis, for its final release from the supporting Sertoli cell
(Fig. 1). Key events are the remodeling of the spermatid nucleus
and cytoplasm to produce the streamlined spermatozoan,
removal of Sertoli cell “ectoplasmic specialization” (ES) junc-
tions and retraction of Sertoli cell cytoplasm, and extension of
the spermatid into the lumen. Spermiation ends with disengage-
ment of the spermatid (now known as the spermatozoan?) into
the lumen and the phagocytosis of the remainder of the residual
body by the Sertoli cell (Fig. 1).

Ectoplasmic specialization. Prior to spermiation, the elon-
gated spermatid interacts with the Sertoli cell via an extensive
structure known as the ectoplasmic specialization (ES). The ES is
first seen in the Sertoli cell cytoplasm opposite round spermatids
at the beginning of step 8,° when the spermatid nucleus polarizes
to one side of the cell.” The ES remains associated with elongating
spermatids until the beginning of spermiation.® The ES associ-
ates with microtubules and motor proteins to translocate sper-
matids through the epithelium during spermiogenesis.** During
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Figure 1. For figure legend, see page 16.

elongation, ES-mediated translocation facilitates downward
movement of spermatids to their position in deep “crypts” within
Sertoli cells.” This maximises the surface area of spermatid-Ser-
toli cell contact and may facilitate communication between the
two cells,*” perhaps via Sertoli cell “penetrating processes”, and
may be a means by which the Sertoli cell can regulate the tran-
scriptionally inactive spermatid.* The degree to which spermatids
are embedded in these crypts tends to be species-specific, with rat
spermatids appearing to be embedded in deeper crypts compared
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to mice, suggesting that only a limited area of contact is needed
between both cell types for such communication. Just prior to the
beginning of spermiation, the elongated spermatids are rapidly
translocated, in a microtubule-dependent mechanism®' from
deep within the Sertoli cell crypts to the luminal edge.
Spermiation is initiated at the beginning of stage VII in the
rat and mouse, which corresponds to stage II in the human,
when the majority of late spermatids align along the luminal
edge.! At the beginning of spermiation (Fig. 1) the late elongated
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Figure 1 (See previous page). The spermiation process. (A) Morphology of spermiation in the normal adult Sprague Dawley rat from early stage VII
until late stage VIl immediately prior to disengagement. Elongated spermatids (black arrows) show progressive changes in nuclear and cytoplasmic
morphology. Note the attainment of a hook-shaped nucleus (compare stage VIl early to stage VIl mid), and the reduction in spermatid cytoplasmic
volume (compare stage VIl early to stage VIl early). Tubules were staged based on round spermatid morphology according to published criteria.” The
beginning of stage VIl is characterized by the majority of round spermatid nuclei (white arrows) becoming oriented to the plasma membrane.

(B) Diagram of the spermiation process, adapted from reference 1. At the initiation of spermiation in stage VII, the spermatid shows an extensive cyto-
plasm around the flagellum, and is largely enveloped by finger-like projections of the apical Sertoli cell cytoplasm (sometimes referred to as the apical
process). Tubulobulbar complexes form in the ventral curvature of the spermatid head, in areas deficient in ES. As spermiation progresses, the Sertoli
cell cytoplasm gradually recedes until it contacts only the dorsal surface in stage VIIl. The spermatid head and flagellum is gradually extended further
into the tubule lumen by the lengthening of the Sertoli cell stalk. As the spermatid head is extended, its cytoplasm condenses in volume and remains
stationary within the epithelium; the net effect is the cytoplasm appears to flow downwards, until it is present below the level of the head. This is now
referred to as the spermatid cytoplasmic lobe. Spermatid organelles become concentrated in the cytoplasmic lobe, which will ultimately form the
residual body after disengagement. During the progression from stage VIl to VIII, the ES structure disappears from the Sertoli cell plasma membrane
opposite the spermatid head, and tracts of ES can be observed adjacent to the Sertoli cell plasma membrane within the Sertoli cell stalk. Tubulobulbar

complexes also show changes in morphology as spermiation progresses; they are most numerous in the ventral curvature of the spermatid head in
stage VII, but can be seen emanating from the dorsal curvature in stage VIII. Electron microscopic studies suggest these structures can lack bulbous
components in stage VIII. Spermiation ends with the rapid disengagement of the spermatid head from the Sertoli cell, breakage of the thin cytoplas-
mic stalk between the perinuclear region of the spermatid and the residual body, and phagocytosis of the residual body by the Sertoli cell.

spermatid has a large cytoplasm that is enveloped by the Sertoli
cell cytoplasm and the entire spermatid head associates with the
extensive Sertoli cell ES. The term ectoplasmic specialization
was devised to reflect the fact that it is “a surface modification
of Sertoli cells that faces certain sites of cell-cell contact™® The
composition of the ES has been extensively reviewed in reference
9, 11 and 12, it is comprised of hexagonally-packed actin fila-
ments sandwiched between the Sertoli cell membrane and the
underlying endoplasmic reticulum. ES forms at sites of intercel-
lular adhesion between spermatids and Sertoli cells (apical ES)
and also between Sertoli cells at the blood-testis-barrier (basal
ES). As well as being involved in spermatid translocation, the
13 and participates
directly in intercellular adhesion. The latter was revealed by stud-

ES stabilizes intercellular adhesion junctions

ies showing trypsin-sensitive adhesion elements present at sites of
ES." For the purpose of this review, we use the term ES structure
to describe the structural specialization of the Sertoli cell oppo-
site the spermatid acrosome as visualized by electron microscopy®
and ES adhesion domain to collectively describe the intercellular
adhesion elements likely associated with the ES structure.

A major goal of spermiation is to disassemble the apical ES in
preparation for the eventual disengagement of spermatids into
the lumen. The factors regulating apical ES disassembly have
been the subject of intensive study, reviewed in references 12
and 15, and will not be considered further here. How the Sertoli
cell disassembles the ES structure yet continues to “hold on” to
the late spermatid is an important consideration. During sper-
miation, cohorts of spermatids are extended out into the tubule
lumen while the Sertoli cell cytoplasm surrounding them gradu-
ally recedes (Fig. 1). It is likely that the spermatids are subjected
to considerable shear forces from the seminiferous tubule fluid
flow that carries the released spermatids towards the rete testis.
This flow must be quite rapid since released spermatids rapidly
disappear from the spermiation site. Thus the adhesion between
spermatids and Sertoli cells during spermiation must be suffi-
ciently strong to counter this force. It has long been noted that
Sertoli cell nuclei become elongated and oriented perpendicular

to the basement membrane during spermiation,'®

and perhaps a

reason for this is that the Sertoli cell may “stiffen” in response to
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shear stress placed upon it via its interaction with the spermatid,
a phenomenon that has been observed in other cells subjected to
fluid shear.”

Tubulobulbar complexes (TBCs). Tubulobulbar complexes
are fascinating structures that are most prominent between
late spermatids and Sertoli cells during spermiation (Figs. 1
and 2),'"®" but also appear between Sertoli cells at the blood-
testis barrier in a stage-specific manner.”® Between spermatids
and Sertoli cells, TBCs first become evident at the beginning of
spermiation and are observed until sperm are released.”">?* Up
to 24 TBCs per spermatid can be observed in stage VII tubules
early in spermiation.” They first form preferentially at a site that
is species-dependent; in rats and mice, which have falciform or
sickle-shaped sperm heads, they form in the inner curvature of
the spermatid head (Figs. 1 and 2). In species with spatulate
sperm, such as human, TBCs largely form near the tip.?! In all
cases, TBCs first form in areas devoid of the ES structure"%
leading to the hypothesis that ES structure disassembly is linked
to TBC formation.!

TBC formation is initiated when a small portion of sperma-
tid cytoplasm begins to protrude into the Sertoli cell at the site
of a bristle-coated pit on the Sertoli cell membrane, in an area
deficient in, but often flanked by, Sertoli cell ES (Fig. 2).% It is
now understood that the bristle-coated pits contain clathrin,*
a protein involved in endocytosis. Clathrin may be involved in
the initiation of TBC formation and recruitment of the actin
cytoskeleton to the developing TBC.* Narrow protrusions of
spermatid cytoplasm then develop from the perinuclear region
and invaginate the Sertoli cell cytoplasm forming a long, narrow,
double-membraned tubular structure terminating in a bristle-
coated pit*®* and “capped” by clathrin.?* This tubule consists
of Sertoli cell plasma membrane, cuffed by surrounding actin
filaments," closely opposed to the spermatid plasma membrane
(Fig. 2). The plasma membranes of the Sertoli cell and spermatid
in this tubular structure are very closely opposed and electron
microscopic observations suggested that they may differ from
plasma membranes elsewhere, possibly lacking extracellular gly-
coproteins and membrane-associated particles.?>?' Recent work
has demonstrated that the GTPase dynamin 3 is likely to play
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Figure 2. Diagram of TBC formation and morphology during spermiation. (A) Diagram of a late spermatid during spermiation in stage VIl (in the rat).
The spermatid cytoplasm has started to condense; the arrow indicates the hypothesized route via which spermatid cytoplasmic contents may flow
into the perinuclear region and, potentially, into TBCs.?* The spermatid head is encompassed by the apical Sertoli cell cytoplasm, and extensive ecto-
plasmic specialization (ES) structures are observed in the Sertoli cell cytoplasm closely opposed to the dorsal curvature of the spermatid head.
Tubulobulbar complexes (TBCs) form in the ventral curvature of the spermatid head in areas deficient in ES. TBC formation begins with a small
clathrin-coated pit which lengthens into a tubular structure, followed by formation of the dilated bulbous region. Vesicles are apparent near the ends
of TBCs. (B) Diagram of the morphology of a mature TBC. The TBC contains both spermatid and Sertoli cell plasma membranes, which are closely
opposed. The long proximal tube is surrounded by dendritic actin, however actin is not observed around the dilated bulbous region; this region is sur-
rounded by endoplasmic reticulum. A short distal tube terminates in a coated pit containing clathrin. Near the TBCs are double-membraned vesicles
which have formed from the “budding off” of the bulbous portion. (C) Electron micrograph of a TBC emanating from a spermatid head in late stage VII

a major role in the formation of these tubular protrusions, since
the transfection of dynamin 3 into MDCK cells stably expressing
the Sertoli cell ES-associated adhesion protein nectin-2 promoted
the formation of tubular structures labeled with nectin-2 near the
cell periphery.?

As TBC development continues, a dilated region appears
towards the end of the tubular structure (Fig. 2). When visu-
alized by electron microscopy, this so-called “bulbar” portion
contains finely granulated material that appears similar to the
contents of the spermatid’s perinuclear cytoplasm and is sur-
rounded by Sertoli cell smooth endoplasmic reticulum (ER) but
lacks an actin network (Fig. 2).%° A local loss of actin filaments at
this site is hypothesized to be involved in formation of the bulbar
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portion,* and proteins involved in actin polymerization, such as
cortactin, are likely important for TBC dynamics.?>* The Arp
2/3 complex is a seven-subunit protein that regulates the actin
cytoskeleton by acting as a nucleation core for actin branching
from mother filaments. Proteins associated with the Arp2/3
complex, as well as N-WASP which is involved in Arp2/3 activa-
tion, localize to TBCs and Arp2/3 complex-mediated dendritic
actin assembly likely plays a major role in TBC elongation.?>*
Interestingly, intra-testicular injection of the N-WASP inhibitor,
wiskostatin, caused late spermatids with TBCs to change their
orientation at the luminal edge,?® pointing to a role for N-WASP
activation of the Arp2/3 complex in actin dynamics during TBC
formation.
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Once the mature TBC has formed, the bulbar structure “buds
oft” and appears to fuse with lysosomes.? The vesicularization
of the bulbar structures may be mediated by dynamin 3, given
the well known role of dynamins in “pinching off” vesicles from
parent membranes.”® The vesicles produced also have a double-
membrane and contain nectin-2 and -3,” which are expressed by
the Sertoli cell and the spermatid, respectively, at the ES adhe-
sion domain.”® The vesicles also contain lysosomal markers”
and the early endosome antigen EEA-1.% Thus, TBC structures
appear to be involved in the internalization and degradation of
spermatid-Sertoli cell plasma membranes during spermiation.”
Although TBCs are unique structures, they share structural
and functional similarities with podosomes which form at sites
of cell-substrate attachment in other tissues and are involved in
extracellular matrix degradation.®

There have been various hypotheses put forward regarding
the function of TBCs.! During the period of TBC formation,
there is a significant reduction in spermatid cytoplasm volume,
around 50% in the rat, suggesting that these structures aid in the
removal of spermatid cytoplasm.? There appears to be a direct
link between the spermatid’s main cytoplasm near the flagellum
and the perinuclear cytoplasm around the spermatid head. The
perinuclear cytoplasm in turn connects directly with the tubu-
lar portion of TBCs forming in stage VII and is progressively
reduced in size as stage VII continues.? Russell proposed that the
spermatid’s cytoplasm flows through to the perinuclear region,
via a narrow tube, and into TBCs, and that this tube may “filter
out” the organelles which will remain in the cytoplasmic lobe
and, eventually, in residual bodies (see Fig. 2).% In support of
this proposition, agents which are associated with disrupted TBC
formation can cause swelling of the spermatid head and failure to
eliminate cytoplasm (reviewed in ref. 1).

The most well characterized function of TBCs is their role
in removing intercellular ES adhesion junctions. As TBCs first
form in areas deficient in ES,”” Russell postulated that TBCs
serve to remove junctional links between spermatid and Sertoli
cell plasma membranes that were part of the adhesion domain
of the ES.! This proposition is supported by the demonstration
that TBCs, and the endosomes associated with them, contain
structural molecules associated with the ES (espin, myosin VIla
and Keapl) as well as components of the adhesion domain of
ESs, such as nectin-2 and -3 and the nectin-actin linker protein
afadin.?”? Thus, TBCs participate in ES removal by internaliz-
ing intercellular adhesion junctions between late spermatids and
Sertoli cells.”” Given that TBCs appear to share some molecular
components of ES, it has been postulated that TBCs may initially
develop from ES structures.?’

TBCs may assist in shaping the spermatid head and acro-
some during spermiation. In the rat, the late spermatid acrosome
condenses during spermiation coincident with the formation of
TBCs. Acrosomal material has been observed in the tubular struc-
tures of TBCs in the ventral curvature of the spermatid head,*
lending support to a role for TBCs in remodelling of the sper-
matid acrosome. TBCs have also been proposed to be involved
in final head shaping, since they first form in the ventral aspect
of the spermatid, coinciding with the formation of the “hooked”
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appearance of the head, reviewed in reference 33. The precise
roles of TBCs, and whether they perform multiple functions, will
be revealed by models targeting TBC formation in vivo.

The progression of spermiation. After the initiation of sper-
miation and TBC formation, there is a change in the relationship
between the late spermatid and the Sertoli cell as spermiation
progresses (Fig. 1). The spermatid head and flagellum are gradu-
ally further extended into the lumen of the seminiferous tubule,
via the microtubule-mediated extension of the apical Sertoli cell
cytoplasmic stalk.! As the spermatid is gradually “pushed” into
the lumen, the Sertoli cell cytoplasm surrounding it gradually
recedes, so that by the end of stage VI, it contacts the spermatid
head and is not present near the flagellum (Fig. 1). As spermia-
tion progresses into stage VIII, the apical Sertoli cell cytoplasm
retracts further to contact only a small portion of the spermatid
head in most species. In rats and mice the Sertoli cell remains in
contact with the dorsal surface only, reviewed in reference 1, see
Figure 1.

During extension of the spermatid head and flagellum, the
cytoplasm of the spermatid remains stationary within the epithe-
lium. Thus instead of flowing towards the basement membrane,
the cytoplasm remains “anchored” while the rest of the spermatid
is pushed into the lumen (Fig. 1).! By the end of stage VII, the
spermatid cytoplasm is located below the level of the spermatid
head (Fig. 1), and becomes more condensed, perhaps facilitated
by TBCs.?*?! This relocated spermatid cytoplasm is now referred
to as the cytoplasmic lobe (Fig. 1). The mechanism by which the
cytoplasmic lobe remains “anchored” is unclear, but may depend
on intercellular adhesion junctions and/or Sertoli cell penetrating
processes, which are small extensions of Sertoli cell cytoplasm
projecting into the spermatid cytoplasm.' The orientation of the
cytoplasmic lobe with respect to the spermatid is species spe-
cific: in the rat and mouse the cytoplasm shows a lobular shape
(Fig. 1), whereas in monkeys it more closely resembles a hood
over the spermatid head.!

A major change that takes place during spermiation is removal
of the ES structure. This extensive structure has surrounded the
entire spermatid nucleus during the elongation phase of sper-
miogenesis, and removal is essential for sperm release to occur.!
As discussed above, local dissolution of ES structures is linked
to TBC formation.” The precise triggers of this dissolution are
unclear, however local activation of signaling molecules within
the Sertoli cell may be involved, reviewed in reference 34 (see
below). As spermiation progresses, large tracts of ES structures
are observed in the apical Sertoli cell cytoplasm not associated
with late spermatid nuclei;**? these are particularly evident in
stage VII (our unpublished observations in the rat). This observa-
tion has led to the hypothesis that these actin-bundled structures
may, to some extent, be recycled within the Sertoli cell, away
from the late spermatid during spermiation to the newly elongat-
ing spermatid in step 8 below."*¢ This hypothesis is supported
by localization of the ES marker espin, which bundles actin fila-
ments into the characteristic hexagonally-packed arrangement in
the ES* (Fig. 3), and which marks the appearance of new ES
structures opposite the acrosome of step 8 round spermatids that
have just commenced the elongation phase.®?° The extent of ES
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Figure 3. Redistribution of the ES during spermiation. (A) Electron micrograph of the ES structure opposite a step 8 round spermatid. The sperma-
tid and Sertoli cell plasma membranes are closely opposed (arrowheads). Actin bundles (asterix) are sandwiched between the Sertoli cell plasma

membrane and an underlying layer of narrow endoplasmic reticulum (er). (B) Co-localization of vinculin (green) which labels the Sertoli cell cytoplasm
and junctional structures and espin (red) (modified from ref. 36) which is present in the actin bundles of the ES structure.* In stage VII, espin in the ES
is concentrated around the late spermatid head (arrowheads) and is present in TBCs (arrows), presumably reflecting the role of these structures in ES
dissolution. Step 7 round spermatids (asterix) below do not yet associate with an ES. SC = Sertoli cell nucleus. (C) Co-localization of vinculin (green) and
espin (red) in stage VIII tubules. Espin becomes diffuse in the apical Sertoli cell cytoplasm (arrows) as it loses its association with late spermatids and
becomes redistributed to step 8 round spermatids (arrowheads). In both stages VIl and VIII, narrow lines of espin staining can be seen in the Sertoli cell

cytoplasm (yellow arrows) perhaps reflecting recycling of ES structures.

structure opposing step 8 round spermatid acrosome correlates
with the degree of polarization of the round spermatid nucleus.*

The timing of ES removal varies between species; in the
opossum the ES is lost very soon after the initiation of spermia-
tion, whereas in the rat and mouse ES removal is more gradual.!
ES removal begins in the ventral curvature of the rat spermatid
head, where TBCs form, during stage VII. As spermiation pro-
gresses into stage VIII, little ES remains in contact with the late
spermatid.®? Many studies have shown the ES structures are
removed some time prior to spermatid release, but the timing
of this removal is unclear.! We have used stereology®” to provide
more precise information on the timing of spermiation in rats.
Since the kinetics of the stages of spermatogenesis are known,’
determining the proportion of tubules with late spermatids lined
along the luminal edge in the process of spermiation (i.e., in
stages VII or VIII) provides a measure of the duration of spermi-
ation. Using strict criteria for staging,” we find that spermiation
in the normal adult Sprague Dawley rat is 81.9 + 1.9 hrs long (n
= 5), suggesting that spermatids disengage from the Sertoli cell
approximately 3.2 hrs before the end of stage VIII (Fig. 4). Using
the immunohistochemical localization of espin, which correlates
well with ES structure formation,*~” we found that 72.6 + 1.2%
(n =5 adult rats) of tubules in spermiation contain late sperma-
tids associated with espin staining.” Taken together, the find-
ings suggest that late spermatids associate with ES structures
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for 59.4 hours (Fig. 4), approximately 3.4 hours into stage VIII.
This further suggests that late spermatids remain attached to the
Sertoli cell by an adhesion junction that does not involve the ES
structure for approximately 22.5 hours prior to their disengage-
ment from the Sertoli cell (see Fig. 4).

Endoplasmic reticulum (ER) is particularly enriched in the
apical Sertoli cell process, and shows dynamic changes during
spermiation.’®* Narrow cisternae of ER, termed “flattened ER
(fER)”, are markedly enriched in the apical process at the begin-
ning of spermiation in rats.’® Some of this fER is associated with
the ES structure, however a large proportion is not; instead it is
observed in large, concentric layers in the apical Sertoli cell pro-
cess enveloping the spermatid head. Surprisingly, some of this
non-ES associated fER appears to be associated with bundles of
actin and microtubules.?® The origin and function of this non-
ES-associated fER is unclear however it shows a marked and
progressive fenestration during stage VII and disappears from
the apical process by the end of stage VII.?*® Coincident with
this disappearance is a marked increase in another type of ER
referred to as tubular ER (tER).?®* This tER (which is usu-
ally smooth, but shows occasional ribosomes),*” shows a striking
pattern by specialized staining techniques, and is maximal in
the apical process in late stage VIL. It originates in the Sertoli
cell stalk, and forms an extensive, continuous system in the api-
cal process, surrounding both the dorsal and ventral aspects
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of the spermatid head, terminating at the ER associated with
the bulbar portions of TBCs. Both fER and tER decrease as
spermiation progresses into stage VIII, with only small areas of
both present.?® Cyclic changes in ER during stages VII and VIII
have been confirmed by other studies.*” The functional signifi-
cance of these ER subtypes during spermiation remains to be
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established, however it is tempting to speculate that they have
roles in TBC function, endocytosis and/or regulating adhe-
sion junction dynamics. Of relevance to the latter proposition
is emerging evidence of direct functional links between ER and
adhesion (particularly focal adhesion) junctions in other systems
(reviewed in ref. 40 and 41).
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Figure 4 (See opposite page). Timing of events associated with spermiation. (A) Immunohistochemical localization of espin and B1-integrin in stage
VIl tubules of the adult rat, as described previously in ref. 37. In stage VIII, espin (a marker of ES structures),®>3¢ is present in ES structures that have just
formed opposite step 8 spermatids (arrowheads). It is not associated with elongated spermatids (arrows) prior to disengagement, but is present in the
adluminal Sertoli cell cytoplasm near residual bodies (asterix). B1-integrin is also present in ES opposite step 8 round spermatids (arrowheads), and is
concentrated around the dorsal curvature of the elongated spermatid prior to spermiation (arrows). (B) Micrographs of the seminiferous epithelium
from the beginning of spermiation in stage VIl (i) until after disengagement near the end of stage VI (iv). The bar represents 10 pm. The total hours of
stages VIl and VIIl combined is 85.1 hrs, based on published data.” Stereological analysis of the proportion of stage VIl and VIl tubules with elongated
spermatids at the luminal edge out of the total number of tubules in stages VIl and VIII, multiplied by 85.1 (described in Morphological, Ultrastructural
and Functional Aspects of Spermiation: “The progression of spermiation”, also see refs. 37 and 55) indicates that the spermiation process is 81.9 hrs
long, from its initiation in stage VIl until disengagement (indicated by the red arrow) near the end of stage VIII. Using previously published information
on the proportion of seminiferous tubules showing adluminal spermatids that were immuno-positive orimmuno-negative for a particular protein,*”*
the lines indicate the time in hours that a particular protein is present during spermiation. Espin in ES structures is present from the beginning of
spermiation, but is removed after 59.4 hrs*’ (indicated by the red arrow). On the other hand, B1-integrin becomes visible very soon after the initiation

of spermiation, and persists until disengagement.’’ Integrin-linked kinase (ILK) also becomes visible soon after the initiation of spermiation, but is
removed ~55 hrs later, around the time of espin (and thus ES) removal.’” The removal of ES structures 59.4 hrs into the spermiation process suggests
that a non-ES adhesion mechanism mediates spermatid-Sertoli cell adhesion for ~22.5 hrs prior to disengagement (red text).

Electron microscopy studies suggest there are also changes in
TBC morphology and location as spermiation progresses.?’ As
discussed above, TBCs first form and are most numerous, in the
ventral curvature of the spermatid head during stage VII in the
rat.” However as the ES is removed and the apical Sertoli cell
cytoplasm retracts away from the spermatid, TBCs start to form
along the dorsal curvature of the spermatid head (Fig. 1), and
are observed in this region until sperm are released."” Indeed
the fact that TBCs persist until the point of spermatid release led
to the suggestion that they may have an anchoring function."
Russell described changes in TBC morphology as spermiation
progressed into stage VIIL.? In stage VIII there appeared to be
fragmentation of the spermatid plasma membrane, but not the
Sertoli cell membrane, within TBCs protruding from dorsal cur-
vature.'”?* Also, the last remaining TBCs prior to disengagement
often lack bulbous components">?® (Fig. 1). These changes in
TBC morphology are suggestive of changes in function as sper-
miation progresses.

Disengagement. Spermiation ends when the spermatids dis-
engage from the Sertoli cell and are released into the lumen of the
seminiferous tubule, whereupon they are referred to as sperma-
tozoa.* Although the term spermiation is sometimes used to refer
to this release event, it is more appropriate to use spermiation
to describe the entire process, and the term disengagement to
describe the moment when mature spermatids lose contact with
the Sertoli cell.! Disengagement occurs towards the end of stage
VIII, approximately 81.9 hours after spermiation commenced
(Fig. 4). Immediately prior to disengagement, only a small por-
tion of Sertoli cell cytoplasm remains in contact with the outer
dorsal surface of the spermatid head (Fig. 1). A small amount
of spermatid cytoplasm remains attached to the midpiece of the
spermatid; this cytoplasmic droplet contains a variety of proteins
and is eventually lost during transit of the epididymis, reviewed
in reference 42. The remainder of the spermatid’s cytoplasmic
lobe condenses to form the residual body that will be left behind
after disengagement (Fig. 1). The spermatid is attached to the
residual body via an elongated cytoplasmic stalk that becomes
stretched just prior to release. It is not clear whether breakage of
this stalk occurs prior to or during, disengagement."”

Disengagement is an extremely rapid event, and an entire
population of sperm at any one site in a tubule are released
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simultaneously.! Disengagement is rarely observed in testis sec-
tions,' likely because it is an instantaneous event, and the disen-
gaged sperm are rapidly swept away from the spermiation site in
the seminiferous tubule fluid, to make their way to the rete testis
and, subsequently, the epididymis. This transport may be facili-
tated by contractions of the peritubular myoid cells surrounding
the tubules, since cytochalasin D, which promotes actin filament
depolymerisation, caused changes in peritubular myoid cells and
prevented released spermatozoa from traversing the duct system. "

In most mammals disengagement occurs once spermiation
is complete, however in many non-mammals disengagement
occurs in response to some stimulus, such as mating.! In all cases,
disengagement is likely to be mediated by the Sertoli cell, since
the elongated spermatids have been transcriptionally inactive
for some time and are thus likely to be passive in this process.!
Transplantation experiments have revealed that germ cells direct
the duration of the spermatogenic stages** and thus the timing of
spermiation (e.g., the duration of stages VII and VIII) is likely
controlled by germ cells, possibly by the entry of spermatogonia
into meiosis and by the nuclear changes in steps 7 and 8 sperma-
tids in these stages. Thus germ cells will contribute to the tim-
ing of the events associated with spermiation, however it seems
likely that the final disengagement of the spermatid will largely
be mediated by the Sertoli cell. The control of spermatid disen-
gagement will be further discussed below.

After disengagement, the residual body is retained by the
Sertoli cell and is transported to the base of the seminiferous epi-
thelium, likely via microtubules.'®* The residual body contains
various organelles no longer needed by the spermatid, includ-
ing the Golgi complex and ER.* Linkages are seen between
the Sertoli cell and residual bodies, suggesting residual bod-
ies initially adhere to Sertoli cells via an adhesion junction.'¥
After disengagement, residual bodies undergo phagocytosis by
Sertoli cells,” and appear near the basement membrane in late
VIII, early stage IX tubules. Sertoli cell lysosomes fuse with the
residual bodies, transforming them into phagolysosomes;* this
integration of fluid-phase endocytosis and phagocytosis may be
important for residual body elimination.?” The phagocytosis of
residual bodies is associated with a peak in the number of lipid
droplets at the base of the Sertoli cell, as observed in various spe-
cies.”” Thus it is likely that residual body phagocytosis produces
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large quantities of lipids within the Sertoli cell. These are seem-
ingly metabolized, but it is possible they could have other func-
tions® such as regulating blood-testis-barrier dynamics.” It is
established that residual bodies can influence Sertoli cell func-
tion®® and recent studies suggest the existence of a loop between
endocytosis of proteins, such as laminin fragments, during sper-
miation and the control of remodelling of inter-Sertoli cell junc-
tions at the blood-testis-barrier, reviewed in reference 47. Thus,
endocytosis of components of the spermiation machinery and
phagocytosis of residual bodies during spermiation may regulate
other aspects of Sertoli cell function and hence, spermatogen-

esis, reviewed in reference 47.

Dynamic Changes in Adhesion Structures
and Protein Localization during Spermiation

It is clear from the above description that spermiation is a multi-
faceted process involving a variety of cellular structures and pro-
cesses that we refer to as the spermiation machinery. It is now
becoming clear that spermiation involves dynamic changes in the
proteomic composition of the spermiation machinery as well as
changes in adhesion junctions.

A growing number of studies reporting on the immunohis-
tochemical localization of proteins in the testis have identified
proteins at the site of spermiation. These include adhesion, sig-
naling and structural proteins, as well as kinases, phosphatases
and proteases (Table 1 and Sup. Table 1). When interpreting the
likely functional role of a protein in the spermiation machinery,
it is important to consider its precise localization in the context
of the specific structures and the stage of spermatogenesis. Such
information is often not reported. Localization of a protein to the
inner (ventral or concave) curvature of the rat or mouse spermatid
head in stage VI is likely to correlate to TBCs, endocytic vesicles
or apical Sertoli cell cytoplasm which contains extensive ER. At
this site, proteins may be present in a characteristic “spoke-like”
pattern indicative of the tubular portion of TBCs,?**%
present in focal “dots” indicating coated pits, bulbar regions and/

or may be

or endocytic vesicles. Proteins may also be apparent in a diffuse
staining pattern around the site of spermiation suggesting a pres-
ence in the apical Sertoli cell process. Proteins localized specifi-
cally to the outer dorsal curvature in stage VII are likely related
to adhesion between the spermatid and the Sertoli cell, and may
be associated with the apical ES structure which is still obvious
at this time. Proteins that remain at this dorsal curvature into
stage VIII, and are present immediately before disengagement,
are likely to be associated with an adhesion junction between
spermatids and Sertoli cells, however since the ES structure is
not seen at this time (see above), these proteins are likely to be
involved in non-ES-mediated adhesion. It has been our experi-
ence that the site of spermiation can be labeled non-specifically
during immunohistochemical analysis, for unknown reasons,
and thus it is extremely important to employ appropriate nega-
tive controls.

As discussed, removal of the ES structure necessarily occurs
when the spermatid is present in a somewhat precarious position
at the luminal edge and thus strong adhesion must be maintained
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Table 1. Proteins localized to the site of spermiation?
14-3-3, actin, afadin, Cdc42, Csk, Cathepsin L,

sEse:i:i(:)ugel:\:‘s‘:s desmoglein, espin, FAKY>%, fimbrin, fyn, galec-
P 9 tin 1, ILK, 631 integrin, Keap1, laminin 3,
and early

MT-MMP1, Nectin 2&3, Par6, PI3 kinase, PKB,

el
spermiation PTEN, Rab 4a, 12 & 13, Src, testin, vinculin, zyxin

actin, B-catenin, Cdc42, cortactin, Csk, ERK
(phospho and total), FAK"*%, fyn, galectin 1,
laminin 333, a6B1 integrin, MEK, MT-MMP1,
MMP-2, pan-cad, PI3 kinase, PTEN, Rab4a,
Src, Timp2

Entire spermiation
process®

actin, amphiphysin 1, Arp2/3, clathrin, cofilin,
cortactin, dynamin 2&3, Eps8, Eps15,
N-WASP, paxillin

Tubulobulbar
complex

2Proteins were included where there was appropriate information

on their localization in stage VIl and VIl tubules. See Sup. Table 1 for
further information and references. °Protein localized at or near the
site of ES between elongating spermatids and Sertoli cells during
spermiogenesis (step 8 and beyond) and present during early spermia-
tion. “Protein localized to spermiation in stage VIl and VIIl tubules, until
spermatid disengagement.

during, and after, ES removal. There is evidence to suggest that
adhesion during TBC formation, ES structure removal and sper-
matid remodelling is achieved by an integrin-based junction with
similarities to a Focal Adhesion (FA). Focal adhesions are large,
macromolecular complexes which mediate adhesion between
cells and extracellular matrix (ECM). They are capable of rapid
adhesion formation and disassembly (such as observed in migrat-
ing cells), and also of tight, stable adhesion. They first form as
small focal adhesion complexes but, upon various triggers such as
tensile force, mature into a stable FA with considerable adhesive
strength, and are highly dynamic in terms of their structure and
protein composition.®®>" The well-known ability of FAs to act as
sensors to the extracellular environment is conferred by integrins,
which are key transmembrane adhesion receptors in FAs.' The
cytoplasmic tails of integrin receptors in FAs interact via linker
proteins with actin filaments within the cell, and bind to ECM
components on their extracellular surface.” FAs show an extraor-
dinary degree of molecular complexity.*®%

The ES adhesion domain that is present between Sertoli cells
and elongating spermatids throughout spermiogenesis appears to
comprise a number of different adhesion junction components,
including adherens junction proteins*® and FA components,”!">>>4
(see Sup. Table 1). As the ES structure forms opposite step 8
round spermatids, o6B1 integrins,”® integrin-linked kinase
(ILK),”? and phosphorylated FAK>* can be seen in the vicin-
ity of the developing ES, and a6B1 integrins are present oppo-
site elongating spermatids throughout spermiogenesis.””*® Sertoli
cells express a6B1 integrin, and the likely ligand on elongating
and elongated spermatids is laminin 333.%%° Thus the ES adhe-
sion domain throughout spermiogenesis includes junctions with
properties of FAs.

This FA-type junction is also likely to be an integral com-
ponent of the spermiation machinery whilst the ES structure is
removed. When spermatids are translocated to the luminal edge
at the beginning of spermiation, a6B1 integrin becomes con-
centrated on the outer dorsal curvature of the spermatid head,
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along with phosphorylated FAK and laminin subunits®>>>°* as
well as other FA-related proteins (Sup. Table 1). Integrins can
be visualised in TBCs, indicating that they are internalized dur-
ing ES removal.”? However, a6B1 integrin immunostaining also
persists after ES removal, and remains at the dorsal surface of the
spermatid head until disengagement (Fig. 4).%”> Integrin-linked
Kinase (ILK) appears to be removed along with the ES and is not
present immediately prior to disengagement (see Fig. 4).” Taken
together, these observations suggest that a subset of integrins may
be removed along with the ES structure, yet adhesion between
the Sertoli cell and the spermatid is mediated by an integrin-
containing junction prior to disengagement. At least 8 different
integrin subunits are expressed in the seminiferous epithelium
during spermiation (our unpublished data) leading to the pos-
sibility that there are dynamic changes in integrin receptor sub-
types as spermiation progresses. Consistent with the concept
that a FA type junction is a major component of the spermiation
machinery is the fact that many FA proteins localize to this site,
such as paxillin, Src and FAK (see Table 1 and Sup. Table 1). In
addition, the majority of the components of the integrin “adhe-
some™ are expressed in the seminiferous epithelium during sper-
miation, as assessed by microarray analysis (our unpublished data
and reviewed in ref. 60).

Integrin clustering is well known to be triggered by an extra-
cellular mechanical force™ thus, when spermatids are first trans-
located to the luminal edge at the beginning of spermiaton, shear
forces on the spermatid from seminiferous tubule fluid flow could
initiate clustering of integrins (either further clustering of a631
integrin and/or clustering of other integrins). Precise nanocluster-
ing of integrins in FAs regulates FA functions and integrin-medi-
ated signaling.”® Our working hypothesis is that the initiation of
spermiation causes a further strengthening, and likely a change
in proteomic composition, of the FA-type junction present in the
ES adhesion domain. As ES structures are disassembled, so are
some of the components of the ES adhesion domain, including
nectin-mediated adhesion,? as well as some FA components.”>?
However, tight adhesion is maintained by an integrin-FAK medi-
ated complex, likely binding to laminin 333 on the spermatid,”
until the point of disengagement.””%> Given that FAs are in a

4849 it is reason-

constant state of flux as proteins enter and exit,
able to assume that a FA in the spermiation machinery under-
goes proteomic and structural changes as spermiation progresses.
Interestingly, the geometry of the adhesive field in a FA controls
integrin distribution and specific gene expression programs,’
leading to the possibility that changes in spermatid head shape
during spermiation may influence FA structure/function in the
Sertoli cell. The composition of this FA may also be modulated
by endocytosis, perhaps via TBCs® or fluid-phase endocytosis,*
and may be part of a regulatory feedback loop between spermia-
tion and Sertoli cell function.”

Comparative studies on spermiation in non-mammalian ver-
tebrates and invertebrates have been reviewed in reference 1, and
will not be considered in detail here. However it is pertinent to
note that a recent study investigated the dynamics of spermia-
tion in Drosophila as compared to mammals.®' The observations

suggest a dynamic F-actin based adhesion junction is present in

www.landesbioscience.com

somatic cyst cells and adheres to spermatids prior to their release
in this species. This junction, known as an “actin cap” is not
morphologically discernible at the electron microscopic level,
but includes filopodia-type components and adhesion-associated
proteins including-catenin, DE-cadherin, myosin subtypes and
WASP as well as clathrin-associated vesicles." Interestingly,
dynamin was shown to be required for normal spermiation in
Drosophila.®! The spermiation-associated junction in Drosophila
was shown to be highly dynamic and complex, suggesting that
dynamic changes in the spermiation machinery may be a con-
served feature of spermiation.

The complexity of the spermiation process in terms of cel-
lular structures and processes is reflected in dynamic changes
in adhesion proteins and proteomic composition as spermiation
progresses. Information presented in Table 1 and Sup. Table 1
reveals some of the components of individual processes, such as
TBCs and the FA present during spermiation. Many proteins
that associate with the apical ES structure and adhesion domain
during spermiogenesis are localized to the spermatid-Sertoli cell
interaction during stage VII (Table 1 and Sup. Table 1). Some of
these proteins are removed along with the ES (e.g., espin, nectins
and afadin), whereas others persist until the point of disengage-
ment (e.g., «6B1 integrin, FAK, Src and galectin 1). Identifying
the components of each structure within the spermiation machin-
ery, and understanding their changes in localization and func-
tion as spermiation progresses, will allow a better understanding
of how the various aspects of spermiation are regulated.

Defects in the Spermiation Process

Consistent with the multi-faceted nature of the spermiation pro-
cess, various defects to spermiation can be observed, the most
common of which is a failure of spermatids to be released from
Sertoli cells (Fig. 5).> Spermatids that fail to be released or disen-
gaged, are phagocytosed by the Sertoli cell,>** and spermatid heads
can be observed at the base of the seminiferous tubule in stages
VIII through to about XIII in the rat (Fig. 5A). This results in
the appearance of seminiferous tubules with elongated spermatids
where none would normally be seen, leading some investigators
to erroneously use the phrase “delayed sperm release”, however it
has been argued that a true delay of spermiation is unlikely.> Some
spermatids fail to be released even in normal animals,**% how-
ever a marked increase in spermatid retention occurs in response
to various insults, reviewed in reference 3 and below.

Careful examination of the retained spermatids can yield
information on the specific site at which spermiation is disrupted.
If elongated spermatids are apparent at the base of the epithelium
in stage VII and early VIII, this could be caused by a failure of
spermatids to initiate spermiation (i.e., to be translocated to the
luminal edge) rather than a failure to disengage. Unsuccessful
spermiation could also be caused by a failure early in the pro-
cess (such as in stage VII), followed by spermatid phagocyto-
sis.®* In contrast, spermatids that are retained from late stage
VIII onwards are likely to be a result of the failure of sperma-
tid disengagement at the end of spermiation.”” The appearance
of the retained spermatid at the electron microscopic level and
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Rat

Human

Figure 5. Histology of spermiation failure in rats, mice and humans. (A) Spermiation failure in adult rat during acute androgen and FSH suppression, as
previously described in reference 37 and 63. (B) Spermiation failure in a genetically modified mouse, as previously described in reference 65.

(C) Spermiation failure in adult human undergoing androgen and progestin-based contraceptive for 6 weeks, as previously described in reference 68.
(D) Spermiation failure in infertile adult human. In rats and mice, spermatid disengagement occurs towards the end of stage VIII, whereas in humans
disengagement occurs in stage Il. The appearance of mature spermatids in the epithelium in stage IX onwards in rats and mice, and in stages Ill-IV in
the human is indicative of spermiation failure. In all micrographs, retained mature spermatid heads (arrowheads) are visible within the seminiferous
epithelium at a stage of spermatogenesis where no mature spermatids should be seen, as indicated by the presence of early elongating spermatids

(arrows).

immunohistochemical analyses can be used to pinpoint the site at
which spermiation is disrupted (reviewed in ref. 20, 37, 64-66). If
retained spermatids lack ES structures and significant cytoplasm,
then it is likely that the spermatids have completed the earlier
phases of spermiation (including TBC formation and cytoplasm
remodelling) but disengagement has failed (reviewed in ref. 37).
Conversely, the presence of ES structure and/or excess cytoplasm
on retained spermatids suggests failure of TBC formation, ES
disassembly and/or spermatid remodelling. Further assessment
of spermiation using appropriate immunohistochemical markers
(see Table 1 and Sup. Table 1) can then be carried out to more
precisely examine the mechanism of spermiation failure.?”¢4¢
The quantitative impact of spermiation failure on spermatid
output can be difficult to establish. Figure 5A shows a micro-
graph of a rat stage IX tubule with spermiation failure induced
by acute androgen and FSH suppression.®® These animals fail to
release more than half of their spermatids as assessed by stereo-
logical analysis, meaning that sperm counts would be effectively
halved within a week. However, only modest changes in seminif-
erous epithelial architecture are apparent. Spermiation failure can
be difficult to detect in human biopsies as well, given the helical
arrangement of spermatogenesis which requires accurate staging
of spermatids in relation to the Sertoli cell. Figure 5C shows a
testis biopsy from a man given a testosterone and progestin-based
contraceptive for 6 weeks. This regime resulted in azoospermia
(zero sperm in the ejaculate) yet normal numbers of elongated
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spermatid populations were present in the testis as determined
by stereological analysis,®® suggesting a near complete failure of
spermiation. Careful examination of the biopsy revealed retained
spermatids in the stage immediately after spermiation, as char-
acterized by the morphology of other cells in that portion of the
epithelium.

The appearance of late spermatids undergoing phagocytosis
by Sertoli cells is often an acute response of the testis to a vari-
ety of insults, including hormone manipulation and reproductive
toxicant administration (reviewed in ref. 3 and see below). Many
of these treatments will cause other defects in spermatogen-
esis, such as spermatocyte and spermatid loss/apoptosis. Thus,
spermiation failure may be observed in combination with other
spermatogenic defects. Indeed, chronic treatments can disrupt
spermatogenesis to the extent that spermiation failure will not be
observed, as elongated spermatids fail to be produced. For exam-
ple, testicular testosterone suppression in the adult rat causes
spermiation failure within 1 week, however elongating sperma-
tid production gradually ceases due to a defect in mid-spermio-
genesis, until spermatids are no longer available for spermiation
and retained spermatids are not observed.®® This example high-
lights the importance of assessing both acute (within a week) and
chronic time points when considering the impact of an agent on
spermatogenesis.

Genetically-modified mouse models often show multiple
defects to spermatogenesis in conjunction with spermiation
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failure (reviewed in ref. 65) and thus careful histological exami-
nation of the testis is required to determine whether spermiation
failure is occurring. To this end, it is imperative to have good
testicular histology (quality sections, preferably resin or plastic),
appropriate staining methods such as the periodic acid-Schiffs
(PAS),” technique to facilitate accurate staging and high reso-
lution micrographs. The presence of mature spermatids in the
testis, but an absence in the epididymis usually indicates spermia-
tion failure, and should prompt closer examination of the semi-
niferous epithelium. A simple comparison between the number
of detergentresistant spermatids in the testis vs. epididymis™ of
wildtype and mutant tissues should also provide useful informa-
tion. A discrepancy (expressed as % of wildtype) would point
to a defect in spermiation. Spermiation failure will be evident
as retained step 16 spermatids within the basal portion of the
epithelium in stages VII-XII (see Fig. 5B). An examination
of the stage at which spermatids are retained (see above), the
morphology of the retained spermatids by electron microscopy,
immunohistochemistry of appropriate markers of the spermia-
tion machinery (Table 1) and markers of spermatid cytoplasm
such as aquaporin 11,”" will provide insight into the mechanism
of spermiation failure.

It is anticipated that some defects in spermiation may not
impair spermatid disengagement, but would result in the release
of sperm with abnormal morphology, reviewed in reference 3. In
particular, spermatids in which head shape is relatively normal
(indicating normal spermiogenesis and manchette formation) yet
there is residual cytoplasm around the flagella, would be sugges-
tive of defects to the spermiation process (see the Regulation of
Spermiation section under “Spermatid cytoplasm elimination”).
A careful assessment of when the sperm abnormality arises in the
testis, e.g., early in spermiogenesis or at the end of maturation,
will provide important insights.

Abnormal spermiation may also have an adverse impact on
earlier germ cell development. Compromised spermiation could
cause abnormal signaling within the Sertoli cell (e.g., adhe-
sion-related signaling pathways), the failure of residual body
phagocytosis which would impact on Sertoli cell function, and
importantly, the added requirement for the Sertoli cell to phago-
cytose large numbers of spermatogenic cells. All of these events
would promote changes in Sertoli cell function which could in
turn impact on their ability to support germ cell development in
general. This proposition is supported by transgenic mouse mod-
els demonstrating spermiation failure in younger animals and a
progressive decline in other aspects of spermatogenesis (reviewed
in ref. 72).

Regulation of Spermiation

Spermiation failure can be a sign that “all is not well” in the
testis. Lonnie Russell reported that failure of sperm release was
observed in ~50% of all the abnormal treatments/conditions he
examined in common laboratory species, and that it was usu-
ally an early feature of many forms of testicular damage.® It is
highly sensitive to certain disruptions, particularly reproduc-
tive toxicants and is often the first indication of spermatogenic
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damage, although subsequent defects to spermatogenesis will fol-
low (reviewed in ref. 3, 63 and 73). We have observed spermia-
tion failure in combination with other spermatogenic defects in
a number of genetically-modified mouse models (O’Donnell L
and O’Bryan MK, unpublished observations). This suggests that
spermiation is regulated at many levels and by a variety of signal
transduction pathways.

Endocrine and paracrine regulation. It is well known that
spermiation is responsive to changes in testicular hormones.
ESH and androgen, acting on their receptors in Sertoli cells,
are major endocrine regulators of spermiation.? Ablation of
both hormones by hypophysectomy causes retention of step 19
spermatids in adult rats.®> The suppression of either FSH (by
immunoneutralization) or androgen (by LH suppression result-
ing from low dose exogenous androgen and estradiol adminis-
tration) alone causes spermiation failure, however suppression
of both has a synergistic effect.®® Using this model of FSH and
androgen suppression, approximately 50% of spermatids in the
testis failed to be released after 1 week.® The addition of the
androgen receptor antagonist flutamide to this model, to block
residual androgen action, caused more than 90% of spermatids
to fail to be released after 4 days.®® Thus acute androgen and
ESH blockade in the testis causes rapid and near-complete sper-
miation failure before other major defects in spermatogenesis
become evident.®

Analysis of the spermiation failure phenotype during andro-
gen and FSH suppression demonstrates that the earlier phases of
spermiation, such as ES and spermatid cytoplasm removal, occur
normally, but there is a failure of spermatids to disengage from
Sertoli cells at the end of spermiation.’” Spermatids retained in
late VIIl/early stage IX tubules remained associated with a6p1
integrin and phosphorylated FAK (FAK™77) 375 suggesting that
failure to disengage may be due to failure of an integrin-based FA
to “let go” of the spermatid at the end of the spermiation process.
These results suggest that FSH and androgens act on signaling
pathways within Sertoli cells to modulate the function of the FA
at the spermiation machinery.

ESH and androgen act on distinct signaling pathways within
Sertoli cells and have independent effects on spermatogenesis.
Yet they also act co-operatively to control germ cell survival and
spermiation? and it has long been speculated they may regulate
common signaling pathways in Sertoli cells.”” Transcriptional
changes occurring in stages VII and VIII in the androgen and
ESH suppression rat model involved genes associated with lyso-
some function and lipid metabolism in Sertoli cells, likely reflect-
ing the requirement of Sertoli cells to phagocytose spermatids
that fail to be released. Changes in various cell adhesion mol-
ecules were also seen, such as a marked downregulation of LgalsI
which encodes the cell adhesion-associated protein galectin 1.
Galectin 1 is present in Sertoli cells at the site of spermiation”
and is involved in B1 integrin activation,”” and thus is a potential
mediator of the androgen and FSH-mediated failure of spermatid
disengagement.

Recent studies show that estrogen can also regulate sper-
miation in the rat.®*’”® Exogenous estradiol administration
(100 pg/kg/day for 10 days) suppressed FSH and intratesticular
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testosterone levels (to a lesser extent than the model of FSH and
androgen suppression described above) and caused a 5 fold ele-
vation of testicular estradiol.”® This regime increased germ cell
apoptosis in stages VII and VIII and caused a marked induction
of spermiation failure.”® Characterization of the mechanism of
spermiation failure revealed an interesting series of defects; some
spermatids failed to be released at the end of spermiation and were
immunopositive for a6B1 integrin,® as observed during andro-
gen and FSH suppression.®’ Failure to initiate spermiation was
also evident, with some spermatids failing to translocate to the
luminal edge at the beginning of stage VII.* Strikingly, TBCs, as
assessed by electron microscopy and localization of markers such
as ARP3 and actin, failed to form.®* Microarray analyses revealed
a reduction in the expression of genes associated with the Arp 2/3
complex (Arpelb and Arpc5l), which is present in TBCs along
with its activator N-WASP?*** as well as genes associated with
endocytic function in Sertoli cells (such as Szx8, Ralbp1, Trappcl,
Lamp2).”? Collectively, this suggests that intra-testicular estradiol
targets the expression of genes important for TBC formation and
function. Interestingly, in our androgen and FSH suppression
model we observed no change or a slight increase, in the expres-
sion of these genes and of other Arp2/3 subunits (reviewed in ref.
60 and our unpublished data), suggesting this effect on TBCs is
mediated by estrogen rather than androgen. Estradiol also caused
stage-specific changes in Sertoli cell microtubules, which may
underlie the failure to initiate spermiation.®* The results of these
studies may explain why failed TBC formation, together with
defective spermatid cytoplasm removal, was observed in hypoph-
ysectomized rats given large doses of exogenous testosterone;®
the 100 cm testosterone-filled silastic implants given in this study
would have likely produced high intratesticular estradiol levels.

Retinoic acid (RA), metabolized from retinol (Vitamin A),
exerts its effects by binding to the nuclear retinoid receptors
(RARa, B and vy) and retinoid X receptors (RXRa, 8 and ).
These receptors heterodimerize to control the expression of RA
responsive genes, reviewed in reference 80. An elegant series of
studies on a number of transgenic mouse models have revealed
that RA acting on a RARa/RXRp heterodimer expressed in
Sertoli cells is essential for spermiation (reviewed in ref. 73,
81-85 and Table 2). RAR« is activated by RA but ligand-depen-
dent activation of RXRPB is not required for spermiation.®**
Spermiation failure is an acute feature of and is highly sensitive
to, a lack of RA signaling and is manifested by retained sperma-
tids in stages IX-X and a reduced epididymal sperm count. Some
spermatids fail to initiate spermiation in stage VII**%* whereas
others may fail to disengage. RARa/RXRR in Sertoli cells may
co-operate to some degree with AR signaling and/or regulate the
expression of adhesion junction components (reviewed in ref. 84
and references therein).

Oxytocin is first produced by Leydig cells at a time that coin-
8 and

stimulates seminiferous tubule contractility in a stage-specific

cides with the initiation of spermiation in the pubertal rat

manner, with spermiation-stage tubules showing the greatest
response.’” Transgenic mice overexpressing oxytocin showed ear-
lier spermiation, as evidenced by the appearance of residual bod-
ies and of sperm in the epididymis, compared to wildtype mice
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during the first wave of spermatogenesis.®® Conversely, pubertal
mice deficient in oxytocin showed a delay in spermiation and
the appearance of sperm in the epididymis.®® These observations
confirm previous studies suggesting a role for oxytocin in spermi-
8¢ Oxytocin may regulate spermiation
by specific intracellular signaling pathways leading to release,
and/or by influencing seminiferous tubule contractility or fluid
production which in turn modulates spermatid release and their
subsequent transport to the epididymis.

Interestingly, spermiation failure was observed in rats treated
with drugs that interfere with potassium channels.®” These drugs
also reduced seminiferous tubule fluid secretion,® suggesting
that disturbances in tubule fluid flow and/or potassium chan-
nels in Sertoli cells may influence spermatid release. Disturbances

ation and sperm transport.

in androgens and estrogens can also influence fluid dynam-
ics within the testis (reviewed in ref. 90 and 91). The concept
that fluid flow may influence aspects of spermiation is impor-
tant, as fluid forces on the FA between the spermatid and the
Sertoli cell may influence adhesion, as described in the “Dynamic
Changes in Adhesion Structures and Protein Localization during
Spermiation” section and other systems.!

From the above discussion it is clear that different aspects of
spermiation are targeted by multiple signaling pathways under
endocrine and paracrine control, and disturbances in these path-
ways cause spermiation failure. Observations from genetically-
modified mouse models (Table 2) and studies on individual
processes are starting to provide new information regarding the
regulation of specific aspects of the spermiation machinery.

Initiation of spermiation. The failure to initiate spermiation at
the beginning of stage VII is commonly observed (see “Endocrine
and paracrine regulation” under Regulation of Spermiation sec-
tion and Table 2). Translocation of spermatids to the luminal
edge, and hence the initiation of spermiation, depends on micro-
tubule dynamics in Sertoli cells. Agents that impair microtubule
dynamics, such as colchicine and taxol, prevent the translocation
of spermatids to the luminal edge.'"”"*%* Spermatid transloca-
tion is facilitated by microtubules and associated motor proteins,
which interact with the cytoplasmic face of the ES structure
within the Sertoli cell.® Adenoviral-mediated overexpression of
vy-tubulin (which nucleates microtubules) in Sertoli cells caused
an increase in tubulin protein around the heads of step 19 sper-
matids in rats, and was associated with a failure to initiate sper-
miation in stage VII (see Table 2).* Furthermore, exogenous
estradiol administration (see above) caused a failure to initiate
spermiation, and coincided with disturbances in microtubule
localization in stage VIL.* Hence, pathways within Sertoli cells
that regulate microtubule dynamics, polarity and association
with proteins and molecular motors, are critical for the successful
initiation of spermiation.

ES disassembly and TBC formation. As discussed in the
Morphological, Ultrastructural and Functional Aspects of
Spermiation section [“Tubulobulbar complexes (TBCs)”], disso-
lution of ES structures and TBC formation are linked. It seems
likely that independent mechanisms will modulate each process,
which occur simultaneously at the dorsal and ventral surfaces of
the spermatid head. Such mechanisms include local regulation
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Table 2. Examples of genetically-modified rodent models with a potential phenotype of spermiation failure

Gene Function Cell® Model
Sox8 Transcription factor SC Null
Hypomorph
AR Androgen receptor SC (partial androgen
insensitivity)
Clusterin Glycoprotein Wlth various sc Null
functions
. Null, and
R/.\ROL Retinoic Receptor for retinoic acid SC SC-specific
acid receptor a -
ablation
L Cellular response to retinoic Null (whole body,
RXRB Retinoid acid, heterodimerizes with SC and SC-specific
X receptor 3 .
other nuclear receptors ablation)
Rbp4; Retinol Bioavailability of retinol to Retinol defl.aen.cy
binding protein tissues NA S e
gp A deficient diet
. Microtubule nucleation (this Adenoywal—vector
vy-tubulin . . All mediated over
model disrupts microtubules) L
expression in SC
Roles in clathrin-mediated
. . endocytosis, actin
SR dynamics & membrane = AL
curvature sensing
Ehdi Endocytic recycling SCand Null
of receptors GC
Spem1 Unknown elST Null
Capza3 Regulates actin dynamics elST Missense muta-
P 9 Y tion (Repro23)
Unknown, gene expressed Transgenic
Sk on X chromosome ST delivery of shRNA
Encodes Prbp protein;
Tarbp2 in spermatids this controls /ST Null

translational activation
of protamines

Spermiation phenotype®

Retained spermatids, failure of ES removal
(EM and immunohistochemistry). Sub-fertility.®®

Reduction in epididymal sperm counts, retained spermatids.?'

Retained spermatids in stage IX onwards. Fertile.?"”

Failure of spermatids to “line up” at luminal edge, retained
spermatids in stages VIl and IX. Suggests at least some sperm
fail to initiate spermiation. Reduced sperm content in
epididymis. Other defects in spermiogenesis. Infertility.5>2'®

Retained spermatids in stages VII-IX, some likely due to failure
to initiate spermiation. Few eST in epididymis. Other defects in
sperm morphology. Infertility.8"#*

Retained mature spermatids in stages IX-X, described as partial
spermiation failure. Reduced sperm content in epididymis.
Other spermiogenic defects.”?

Retained spermatids observed in stages VII-VIIl indicative of
failure to initiate spermiation. Increased numbers of retained
spermatids and residual bodies in stages IX-XIV indicates
defective disengagement and residual body processing.*

Reported reduction in TBC formation.
Retained spermatids in stage VIII.*°

Presence of elongated spermatids but no sperm in epididymis.
Retained spermatids in stages VIl and IX. Evidence of failure
to remove ES and spermatid cytoplasm. Other defects
including spermiogenic defects. Infertility.”?

Infertility due to defective removal of spermatid cytoplasm
in late spermatids. Retained spermatids not described.'””

Delayed spermiation; sperm apparently released in stage

X, retained spermatids not described, abnormal removal

of cytoplasm during spermiation. Other defects in sperm
morphology. Infertility.'

Retained spermatids in stages IX-XI, reduced epididymal sperm
count. Abnormalities in spermatid morphology from step 9
onwards, abnormal sperm in epididymis. Infertility.?"

Retained spermatids in stages VIII-XI, few mature sperm in
epididymis. Other abnormalities in spermiogenesis including
abnormal head shaping and loss of immature spermatids.
Infertility.'*®

2Seminiferous epithelial cell type in which the protein is expressed: SC, Sertoli cell; rST, round spermatid; elST, elongating spermatid; eST, elongated
spermatid. "Descriptions of fertility status are included where information was provided.

of actin dynamics, signal transduction pathways and endocytic
pathways involved in trafficking proteins to either recycling or
degradative pathways.!>#%3

An emerging picture of the composition of TBCs, and the
endocytic vesicles that arise from these structures (reviewed in ref.
22,24, 27 and 29 and see the “Tubulobulbar complexes (TBCs)”
subsection and Table 1), provides clues as to the potential regu-
lators of their formation and function. TBC formation is pre-
ceded by the appearance of clathrin-coated pits,** which facilitate
the sorting and packaging of post-translationally-tagged cargo
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proteins in plasma membranes into early endosomes. Elucidation
of the clathrin-mediated endocytosis interactome highlights the
complexity of this process and identifies key “hubs”, such as the
adaptor protein complex AP2 and accessory proteins that regu-
late endocytotic pathways, for future research attention.”* The
C-terminal Eps15 homology domain-containing (EHD) protein
Ehd1 participates in clathrin-mediated endocytosis by regulat-
ing the rate of endocytic recycling to the cell surface,”? but can
also participate in the Arf6-mediated pathway for bulk recycling
of plasma membrane proteins through non-clathrin-associated
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intermediates.” Cell lines lacking Ehd1 show defective endocytic
recycling of B1 integrin, resulting in slower FA disassembly and
the formation of larger, more prominent FAs.”® Ehd1-deficient
mice are infertile, and exhibit spermatid retention and defec-
tive removal of ES and spermatid cytoplasm (Table 2).”> TBC
structures were not directly assessed in this model, however it
is possible that Ehd1 is an early component of TBCs and that
this will be a useful model for investigating regulation of TBC
formation and adhesion junction dynamics during spermiation.

Amphiphysin T and N-WASP are likely to be key regula-
tors of TBC formation and ES disassembly. N-WASP, found in
TBCs* and the Sertoli cell cytoplasm during spermiation, is
a member of the WASP family of proteins which activate the
Arp2/3 complex to promote actin nucleation. The ability of
N-WASP to activate the Arp2/3 complex is conferred by WASP
Interacting Proteins (WIPs) and by binding to phosphatidylino-
sitol 4,5-bisphosphate.”” CR16 (WIPF3) is one such N-WASP-
interacting protein that localizes to the site of spermiation.”® Mice
lacking this protein are sterile due to abnormal sperm morphol-
ogy arising during the final stages of maturation (thus poten-
tially during spermiation, although this was not directly assessed)
and have reduced levels of N-WASP in the testis.”® Interestingly,
inhibition of N-WASP activity in the testis was associated with
the loss of proper orientation of late spermatids during spermia-
tion.”” Amphiphysin I, present in TBCs,” has binding sites for
clathrin and dynamin and was recently shown to be an N-WASP-
interacting protein in Sertoli cells.”” This interaction promoted
actin polymerization in vitro,”” revealing a mechanism whereby
amphiphysin I can modulate actin dynamics.” Amphiphysin I
null mice are reported to have reduced numbers of TBCs and
an increase in retained spermatids in stage VIII (Table 2). The
authors speculated that amphiphysin I may participate in TBC
formation rather than endocytosis, since it did not modulate
endocytic transferrin uptake by Sertoli cells in vitro,”” support-
ing the concept that it may regulate actin dynamics via N-WASP
within TBCs. Collectively, these studies demonstrate that the
regulation of actin dynamics by the Arp2/3 complex, N-WASP
and interacting proteins are likely to be critical for TBC forma-
tion and ES disassembly. Furthermore, actin polymerization is
required for successful completion of spermiation, in support of
early studies demonstrating TBC formation was prevented by
cytochalasin D."

Mechanisms of apical ES disassembly in the rat have been
extensively studied using the pharmacological agent, adjudin,
which affects adhesion junctions in the seminiferous epithe-
lium, reviewed in reference 12 and 47. Adjudin treatment does
not cause spermatid retention but instead causes a rapid (within
4 hr) loss of elongated spermatids from the epithelium, followed
by a loss of round spermatids within 24 hr.'® These germ cells
are found in the tubule lumen, suggesting that this model may
initially be one of premature dissolution of apical ES junctions.
Notably, elongating and elongated spermatids are depleted from
1% indicating that this
treatment acutely interferes with the ES during spermiogenesis,

the epithelium in all spermatogenic stages

but a specific impairment of spermiation is not seen. Longer term

treatment (>2 weeks) causes a loss of pachytene spermatocytes'®
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1% resulting in the presence of only

100

and degenerating germ cells,
spermatogonia and Sertoli cells.!” Electron microscopy reveals
vacuolization of Sertoli cells and widening of the intercellular
space between germ cells and Sertoli cells.!” While this model is
not specific for spermiation, it has provided interesting insights
into the events that may be involved in ES dissolution during
spermiation. This information has been recently reviewed in ref-
erence 12, 34 and 47, so will not be considered in detail here,
however it is worth noting that these studies point to the roles of
numerous signal transduction pathways, including the phospha-
tidylinositol-3-'* and ERK MAP-'? kinase pathways, the activa-
104 and factors
195 in apical ES

tion of proteases such as matrix metalloproteases
regulating cell polarity and actin polymerization®
disassembly.

Taken together, the above studies and the information dis-
cussed in the Morphological, Ultrastructural and Functional
Aspects of Spermiation section suggest that dissolution of the ES
and TBC formation in the initial phases of spermiation involve
a complex series of events including endocytic pathways, regula-
tion of actin dynamics, signal transduction events and regulation
of adhesion structures. A better understanding of each of these
processes, and their inter-dependence, will be gained from the
generation of models that specifically inhibit each process during
spermiation.

Spermatid cytoplasm elimination. TBCs are thought to
participate in spermatid cytoplasm removal, however this has
not been conclusively proven and the factors regulating remod-
elling of the spermatid during spermiation remain elusive.
While it seems likely that excess cytoplasm is removed princi-
pally by the Sertoli cell during spermiation (see Morphological,
Ultrastructural and Functional Aspects of Spermiation), emerg-
ing evidence from transgenic mouse models (Table 2) suggests
that spermatids may influence cytoplasm removal by producing
proteins essential for dynamic changes in their cytoskeleton. For
example, a missense mutation in the Capza3 gene in mice results
in infertility due to abnormal sperm morphology and a failure to
shed excess cytoplasm during spermiation.'®® Capza3 is localized
in elongated spermatid cytoplasm and is an actin-capping pro-
tein involved in the regulation of F-actin dynamics. Spermatids
within the Capza3 mutant epididymis have a “bag” of excess
cytoplasm around their heads, together with other flagellar and
structural abnormalities that likely arose earlier in the spermio-
genic process. The retention and phagocytosis of spermatids
within Sertoli cells has not been described in these mice, how-
ever, there is evidence to suggest that spermatids with abnormal
cytoplasm persist longer in the epithelium, into stage IX, before
eventually being released.’® This fascinating phenotype points
to two novel concepts: (1) that a delay of disengagement may be
possible, as the Sertoli cell tries unsuccessfully to remodel the
abnormal spermatid (contradicting earlier reviews stating that
such a delay is unlikely') and (2) that the spermatid may influ-
ence its own ability to undergo successful spermiation.

This latter concept is supported by observations in mice defi-
cient in the Spermatid Maturation 1 (Speml) gene (see Table
2).17 SPEML is localized in the cytoplasm of late (step 14-16)
spermatids in mice, however its function is unknown.'”” Ablation
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of this gene results in infertility due to abnormal sperm morphol-
ogy arising during the final steps of maturation, likely during
spermiation. Sperm in the epididymis exhibit gross cytoplas-
mic abnormalities, with the cytoplasm remaining attached to
and connecting the head and middle piece of the tail, so that
sperm heads are bent back onto the flagella.'”” This phenotype of
sperm abnormality is also observed in a subset of mice deficient
in a variety of genes important in late spermiogenesis (includ-
ing Tarbp2,'® see Table 2), raising the intriguing possibility that
various defects during spermiogenesis may contribute to the fail-
ure of cytoplasmic removal during spermiation (reviewed in ref.
107). It is thus possible that abnormalities in the spermatid physi-
cally restrict the movement of the cytoplasm and/or hinder the
Sertoli cell’s ability to “strip off” the cytoplasmic lobe.

Loss of water from the spermatid cytoplasm likely contrib-
utes to the loss of cytoplasmic “bulk” during spermiation.’!
Aquaporins are water-selective channels that allow transport
of water across plasma membranes. Aquaporin 11 is found in
mature elongated spermatid cytoplasm and has been proposed to
play a role in concentration of the spermatid cytoplasmic lobe.*®
However, knockout mice die before a reproductive phenotype
can be revealed, thus the role of aquaporins in cytoplasmic lobe
condensation remains unclear.!”

In summary, it now seems likely that the spermatid can mod-
ulate its own ability to be remodelled by the Sertoli cell, and thus
to undergo successful spermiation, by the co-ordinated expres-
sion of genes required for normal sperm morphology and cyto-
plasm remodelling.

Adhesion during spermiation and the final disengagement.
Control of adhesion dynamics during spermiation allows the
Sertoli cell to adhere to the spermatid during its final remodel-
ling, and for the ultimate disengagement of the mature sperma-
tid. There is little understanding of how adhesion is maintained
while the ES is removed, although the participation of a FA-type
junction seems likely (see Dynamic Changes in Adhesion
Structures and Protein Localization during Spermiation).

The contribution of microtubules and actin filaments to the
process of disengagement can be inferred from models employing
the administration of pharmacological agents. Spermatid disen-
gagement is not prevented by agents, such as taxol, that interfere
with microtubule dynamics, suggesting that microtubules are
not involved in this process.'”# These observations are consistent
with the finding that microtubules show no particular association
with the spermatid head just prior to disengagement.” Although
FAs are actin-dependent structures®® the finding that the addi-
tion of an inhibitor of actin polymerization, cytochalasin D, does
not impair disengagement suggests that actin polymerization is
not directly involved in disengagement.!

Given that the junction likely to control disengagement is
an integrin-based FA-type junction (see Dynamic Changes
in Adhesion Structures and Protein Localization during
Spermiation) and that disengagement is likely an instantaneous
“loss of adhesion” event (see Morphological, Ultrastructural
and Functional Aspects of Spermiation), future research could
be directed towards elucidating the molecular mechanisms by
which the Sertoli cell FA loses its adhesive properties. Perhaps
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clues can be gained from studies investigating FAs at the trailing
edge of migrating cells, reviewed in reference 110, where there is
a rapid loss of adhesion and FA disassembly. Key triggers of FA
disassembly in migrating cells include FAK-Src signaling, local
regulation of ERK,"

112

calpain-mediated proteolysis of FA com-
ponents''? and the reversal of certain processes involved in FA
maturation.'” Proteins that remain between the spermatid and
the Sertoli cell until the point of disengagement (Table 1 and
Sup. Table 1) are all potential candidates for regulating sperm
release. These include adhesion related proteins such as a6p1
integrin and galectin 1, signaling proteins (including phosphory-
lated FAK, Src, Cdc42, Csk, PTEN, PI3kinase and ERK) and
proteases, such as MT-MMP1 and MMP2.

Most of our understanding of the regulation of spermatid
disengagement comes from in vitro studies investigating the
release of spermatids from cultured stage VIII tubules."® Sperm
released from these tubules have normal morphology and lack
excess cytoplasm (our unpublished observations) suggesting that
they are released at the end of spermiation at or near the time
of disengagement by normal means. These studies demonstrated
that protein phosphorylation, particularly serine-threonine phos-
phorylation, is important for disengagement, as various pharma-
cological modulators of kinase or phosphatase activity were able
to stimulate or inhibit sperm release.!® Bacitracin, at a dose that
can inhibit Bl integrin-mediated adhesion, stimulated sperm
release, consistent with the concept that disengagement is inte-
grin-mediated."® Immunoprecipitation studies on protein inter-
actions before and after spermatid disengagement suggest that
ERK phosphorylation and 14-3-3 signaling may play important

roles in spermatid release.'®

Clinical Relevance of Spermiation:
Roles in Contraception and Infertility

Current strategies for the development of an effective and revers-
ible male contraceptive focus on the administration of hormones
that feedback on the pituitary to inhibit LH and FSH release and
thereby suppress intratesticular androgen production, reviewed
in reference 114. FSH and testicular testosterone suppression in
non-human primates and men causes an acute induction of sper-
miation failure which underlies the rapid suppression of sperm
counts, followed by an impairment of spermatogenesis at the
level of spermatogonial development.2%!51 Heterogeneity of
suppression of germ cell populations between men are observed,
with some individuals maintaining significant levels of elongated
spermatid production in the testis after 2-3 months of contra-

ceptive administration.6®!16118:119

In some subjects, elongated
spermatid production is evident yet they are azoospermic, while
others maintain higher levels of sperm output, suggesting that
the induction of spermiation failure can influence the attainment

of azoospermia.'’®

This proposition is supported by studies in
primates, which showed an inverse correlation between the num-
ber of retained spermatids in the testis and sperm output during
androgen-based contraceptive administration.'

These studies demonstrate that spermiation is a target for

hormone-based contraceptives in men, and that the induction
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of spermiation failure is, at least in part, important for achiev-
ing rapid and adequate sperm count suppression. Contraceptive
agents that target spermiation would be particularly beneficial
as an adjunct to other contraceptives targeting earlier phases of
germ cell development, as they would hasten sperm count sup-
pression and likely provide extra contraceptive cover during the
longer term. Given that spermiation likely co-operates with other
aspects of germ cell development (see the “Disengagement” sub-
section under “Morphological, Ultrastructural and Functional
Aspects of Spermiation,” and reviewed in ref. 47), agents that
specifically impair spermiation may eventually result in other
defects in spermatogenesis that would improve contraceptive
efficacy in the longer term. While hormone-based contraceptives
show considerable promise, there continue to be issues related to
the safety of long term hormone administration, and to the fact
that some men consistently fail to achieve adequate sperm count
suppression. Thus it is generally agreed that testis-specific, non-
hormonal methods should also be explored in the hope they can
show efficacy, safety and acceptability. The identification of novel
agents that specifically disrupt spermiation would be of consider-
able clinical benefit in a contraceptive setting.

To our knowledge, defects in spermiation in isolation have not
been found to cause human male infertility. This is likely due
to inherent difficulties in assessing a causal relationship between
human sperm phenotypes and spermiation, including a paucity
of testicular biopsy material, and the fact that current guidelines
for semen analysis do not provide a means to determine the qual-
ity of sperm as produced within the testis.'? Nevertheless, several
features of spermiation suggest defects in this process are likely
to contribute to infertility or sub-fertility in humans. Given the
inherent vulnerability of spermiation to disruption in many spe-
cies by environmental toxicants and endocrine disruptors (see
above and reviewed in ref. 3), a variety of environmental expo-
sures in humans could adversely affect spermiation and sperm
output, whether it be a transient or long term effect. Disruption
to spermiation, whether from exogenous or genetic causes, could
impact on sperm number in the ejaculate and could thus under-
lie azoospermia, oligospermia or variability in sperm counts in a
clinical setting.

The contribution of defects in the spermiation process to
abnormal sperm forms in the ejaculate is potentially clinically
significant. Spermiation is essential for the final remodelling
of the spermatid cytoplasm and abnormalities arising during
spermiogenesis or spermiation have been shown to result in
ineffective removal of excess cytoplasm in mice. DNA dam-
age in sperm is associated with a number of poor reproductive
outcomes, including infertility and increased rates of miscar-
riage, and is likely caused by increased generation of Reactive
Oxygen Species (ROS) predominantly by the sperm mitochon-
dria, but potentially other sites as well, within the epididymis.'*!
Abnormal sperm with excess residual cytoplasm may be an
important source of ROS, which in turn may adversely impact
sperm DNA integrity.'* Further basic and clinical research is
required to establish links between defects in the spermiation
process and the production of abnormal sperm with poor repro-
ductive outcomes.
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Unresolved Questions

The information presented in this review demonstrates the
advances made in our understanding of the ultrastructural, mor-
phological and functional aspects of spermiation. Recent devel-
opments in the field have given us a preliminary understanding of
the composition of the spermiation machinery and the molecular
mechanisms regulating their formation and function. But many
unresolved questions remain. Such questions include: (1) what
signals from Sertoli cells trigger key events during spermiation;
TBC formation, ES dissolution and disengagement? (2) What
is the relationship between TBC formation and ES dissolution;
does local ES dissolution trigger TBC formation or vice versa?
(3) Do TBCs have functions other than internalization of inter-
cellular adhesion junctions? (4) What controls the removal of
spermatid cytoplasm, and how do the spermatid and the Sertoli
cell co-operate to control these processes? (5) What adhesion and
associated structural molecules mediate the disengagement pro-
cess? (6) How do Sertoli cells co-ordinate signals to regulate the
composition and function of the adhesion junction as it remodels
during spermiation? (7) What is the proteomic composition of
the adhesion junction present during spermiation and how does
it change as spermiation progresses? (8) Are components of the
ES recycled to newly formed ESs opposite round spermatids? (9)
How much autonomy does the spermatid have in spermiation?
(10) Do defects in spermiation contribute to poor reproductive
outcomes in men? (11) Which steps in spermiation are most ame-
nable to inhibition as a means of contraception?

A final point to consider is whether spermiation can act as
a “checkpoint” for spermatogenesis, and can act as a sensor for
adverse conditions. This idea has merit from the Sertoli cell’s per-
spective, as it can obviously retain and phagocytose spermatids
the moment it “feels unwell”."> Thus Sertoli cells may induce
spermatid retention as a means of preventing fertility when the
environmental conditions are unfavourable. However spermia-
tion is unlikely to be a true checkpoint for sperm guality. Some
evidence from transgenic models suggests that Sertoli cells have
the capacity to retain spermatids that are abnormal, yet it seems
unlikely that the Sertoli cell can detect a large range of abnor-
malities within spermatids and prevent their release. Perhaps
Sertoli cells have the ability to detect certain structural defects,
which may explain why some retained spermatids are observed in
normal adult animals (reviewed in ref. 20 and our unpublished
observations).

Conclusions

Spermiation is a fascinating process that is well documented at
the ultrastructural level, with various structures and adhesion
complexes working together to make up the spermiation machin-
ery that facilitates the efficient release of normal sperm. Many
proteins have been localized to this site, and we are beginning to
unravel the molecular composition of aspects of the spermiation
machinery. Research over the past decade has provided important
insights into the composition of TBCs and associated endocytic
vesicles, and their roles in adhesion junction and ES structure
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removal, however whether they play other roles in spermiation is
unclear. Spermiation requires the efficient dissolution of the ES
structure that has facilitated spermatid translocation throughout
spermiogenesis and new insights into the mechanisms of ES dis-
assembly are emerging.

An integrin-based adhesion junction maintains tight adhe-
sion to the spermatid during ES dissolution. This allows the
Sertoli cell to grip the spermatid head and extend it into the
seminiferous tubule lumen as the spermatid’s cytoplasm is
removed. The composition of this adhesion junction changes
as spermiation progresses. Some adhesion-related proteins only
become apparent at the initiation of spermiation, while others
have remained at the spermatid-Sertoli cell interface during
the elongation phase of spermiogenesis. As the ES structure is
removed, so are a subset of adhesion-associated proteins. Other
proteins persist until disengagement, and are likely to mediate
the instantanecous release of spermatids into the lumen. Thus
the adhesion junction present within the spermiation machinery
is constantly undergoing transformation as the various aspects
of spermiation are completed and the Sertoli cell prepares the
spermatid for release.

Since spermiation is the final maturation step of spermatogen-
esis and influences final head shaping and cytoplasm removal,

this process contributes to sperm morphology and thus under-
standing it has important implications for optimizing male fertil-
ity. As a known target for contraception and perhaps infertility,
agents designed to impair or promote spermiation would be of
therapeutic benefit in male fertility regulation.
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